tains a relatively large extracellular domain and four hydrophobic membrane-spanning segments referred to as M1-M4, ending in a short extracellular carboxyl terminal domain. Three concentric rings can be distinguished in the AChR transmembrane (TM) region ( 1, 2 ): the M2 TM segments of all subunits outline the inner ring and form the walls of the ion channel proper; M1 and M3 constitute the middle ring; and the M4 segments form the outer ring, which is in closest contact with the AChR lipid microenvironment.
type of domain, whereas the AChR alone or together with rapsyn does not. In addition, ganglioside aggregation modifi es the detergent partition profi le of the receptor protein. Furthermore, the presence of ␥ M4 induces an increase in the total amount of DRMs in the model membranes, whereas the presence of AChR has the opposite effect.
MATERIALS AND METHODS

Materials
A peptide corresponding to the T. californica AChR TM segment ␥ M4 and the two extramembranous regions and having the sequence DKACFWIALLLFSIGTLAIFLTGHFNQV (28-mer peptide) was purchased from Biosynthesis, Inc. (Lewisville, TX). The peptide was estimated to be over 90% pure ( 22 ) and was kept lyophilized at Ϫ 80°C until use. T. californica specimens were obtained from the Pacifi c coast of California, killed by pithing, and their electric organs were dissected and stored at Ϫ 70°C until further use. Laurdan and dehydroergosterol (DHE) were purchased from Molecular Probes (Eugene, OR). Affi -Gel 10 Gel, dithiothreitol, and SM2 Biobeads were obtained from Bio-Rad (Hercules, CA). POPC was from Avanti Polar Lipids, Inc. (Birmingham, AL). Chol, SM, cholera toxin B subunit (CTxB), ganglioside GM1, Tween 20, and Triton X-100 were obtained from Sigma-Aldrich (St. Louis, MO). The monoclonal antibody mAb 210 against the major immunogenic region in the ␣ subunit of the AChR and the mAb 124 monoclonal antibody against the B subunit of the AChR were kindly provided by Dr. J. Lindstrom, University of Pennsylvania School of Medicine. The mAb 1234 monoclonal antibody against rapsyn was kindly provided by Dr. S. Frohener, University of Washington.
Methods
Preparation of unilamellar lipid vesicles containing ␥ M4 peptide. Aliquots of POPC, SM, and Chol dissolved in chloroform:methanol (2:1 v/v) were mixed to obtain the following lipid compositions: POPC:SM:Chol (1:1:1 molar relation) and POPC:SM:Chol (0.35:1:0.87 molar ratio), followed by the addition of the ␥ M4 peptide dissolved in ethanol (250:1, lipid:peptide molar relation). The samples were fi rst dried under nitrogen for 1 h and then large unilamellar vesicles were obtained following conventional procedures. Briefl y, dialysis buffer (100 mM NaCl, 0.1 mM EDTA, 0.02% NaN 3 , 10 mM phosphate, pH 7.4) with 1% cholate was added to the dried lipid/peptide mixture (1:1 lipid:buffer w/v), incubated at 45°C for 10 min, vortexed for 1 min, and dialyzed against 1 l of dialysis buffer with fi ve changes of buffer (every 12 h) at 4°C.
Preparation of AChR membranes. Crude AChR-membranes
were prepared from the electric organ of T. californica as previously described ( 6, 23 ) . The electric tissue was fi rst dissected into small pieces, and then homogenized at 4°C using a Virtis 60 glass (The Virtis Co., Inc.) until an homogeneous suspension was obtained. The homogenate was subjected to a fi rst centrifugation at 2,500 g for 10 min at 4°C, and the obtained supernatant was then centrifuged at 30,000 g for 1 h at 4°C. Crude membranes were obtained by resuspending the pellet ( 24 ) .
AChR-rich membranes were obtained by centrifuging the crude membrane fractions on a sucrose gradient (50%, 39%, and 35% sucrose) at 30,000 g for 1 h at 4°C ( 24 ) . The middle fraction corresponds to the AChR-rich membranes containing the highest Lipid rafts display distinct biophysical and biochemical characteristics, and contain selected integral or peripheral membrane proteins (8) (9) (10) . These domains are considered functionally dynamic lateral platforms embedded in the membrane and functionally involved in the segregation of particular proteins, presumably increasing the effi ciency of certain signal-transduction processes (11) (12) (13) (14) . In particular, there is considerable evidence to support the notion that this type of membrane domain plays an important role in the organization and compartmentalization of the different components of neurotransmitter signaling, including the ligand-gated ion channel superfamily (see Ref. 15 ) .
Cartaud et al. suggested that raft lipid domains were involved in the sorting and subsequent delivery of AChR and rapsyn to the plasma membrane ( 16 ) and that AChR was constitutively associated with raft lipid domains together with syntrophin, rapsyn, and other postsynaptic components, independently of agrin stimulation ( 17 ) . Agrin activation of MuSK was necessary, however, for inducing the coalescence of rafts and for AChR clustering. Likewise, Willmann et al. ( 18 ) found that the AChR and the majority of the agrin-signaling pathway was concentrated in raftlike domains and that incubation of cells with agrin produced maximal AChR clustering but did not alter the association with lipid rafts. In contrast, Zhu et al. ( 19 ) , working with the same cells, found the majority of AChR associated with nonraft domains, but both AChR and MuSK translocated into lipid rafts upon neural agrin stimulation. Similarly, Campagna and Fallon ( 20 ) indicated that although some AChR occurred constitutively in lipid rafts in C2C12 myotubes, agrin signaling increased the number of AChR associated with these domains by effectively translocating AChR into these platforms. StetzkowskiMarden et al. ( 19 ) assigned a key role to cholesterol in determining the formation, size, and structure of the coalesced domains. Application of exogenous cholesterol to denervated NMJ protected AChR clusters against denervation-induced disassembly ( 21 ) .
The wealth of information on the biochemical and physicochemical properties of the AChR protein has been obtained using Torpedinidae species (reviewed in Refs. 1 and 2 ). The present work investigates whether the Torpedo AChR protein spontaneously localizes in raft-like lipid domains. To this end, we compared the behavior of a synthetic peptide corresponding to the outermost ring of lipid-contacting transmembrane segments ( 1 ), the AChR ␥ M4 segment, with that of the AChR purifi ed from T. californica electroplax plasma membranes upon reconstitution into model membranes with defi ned lipid composition, i.e., containing different proportions of cholesterol, sphingomyelin (SM), and phosphatydilcholine (PC). The role of lipid raft patching in AChR distribution was also analyzed using model lipid mixtures containing the ganglioside GM1 (a bona fi de raft lipid), and inducing GM1 aggregation by cholera toxin B plus anti-cholera toxin antibody-mediated crosslinking. Our data suggest that the transmembrane segment ␥ M4 displays preferential partition into lipid rafts, being found almost exclusively in this TLX centrifuge to separate unbound rapsyn. The samples were stored at Ϫ 70°C until use.
Crosslinking of GM1 with CTxB and anti-CTx. GM1-containing membranes were treated with CTxB (1:1000) for 30 min at 4°C with gentle agitation or with CTxB, same time and temperature, followed by addition of anti-CTx (1:500) for 30 min at 4°C to induce ganglioside crosslinking before detergent treatment.
Preparation of DRM and DSM fractions. From 50 to 300 µg of purifi ed AChR (or 20 µg of ␥ M4 peptide) reconstituted in a defi ned lipid composition were treated with 1% Triton X-100 (or 2.5% Tween 20, when indicated) for 20 min at 4°C. In the case of liposomes alone or liposomes containing the ␥ M4 peptide, the sample was separated into detergent-soluble membrane (DSM) and detergent-resistant membrane (DRM) fractions by highspeed centrifugation at 104,000 g for 3 h at 4°C in a TLA 100.4 rotor using a Beckman Optima TLX centrifuge. The supernatant (DSM) was removed, and the pellet (DRM) was resuspended in an equal volume of buffer (10 mM phosphate, pH 7). In the case of proteoliposomes (AChR-containing liposomes), we used two different methods to separate DRM and DSM fractions: highspeed centrifugation and sucrose density gradients. Although the latter is a routine practice used to separate these fractions from cell membranes, there is little experience with proteoliposomes systems. Following Ayuyan and Cohen ( 30 ) , the same differences were introduced to the classical protocol. DRM and DSM fractions were separated on a step sucrose gradient consisting of 4 ml layers of 40% and 30% sucrose in buffer (10 mM phosphate, pH 7), loading the sample at the top of the sucrose gradient (2 ml of the detergent-treated sample were mixed with 2 ml of 10% sucrose in phosphate buffer to achieve a fi nal concentration of 5% sucrose). After centrifugation at 260,000 g at 4°C for 20 h, 12 1-ml fractions were taken from top to bottom of the centrifuge tube. Raft fractions from the density gradients were identifi ed by dot blotting of the raft lipid GM1 and probed with labeled cholera toxin ( 31 ) . Aliquots from each fraction were dried on a nitrocellulose membrane, blocked with 2% milk in Tris-buffered saline with 0.05% Tween 20 (TTBS), and then transferred to 0.5% BSA in TTBS buffer containing 1:20,000 diluted horseradish peroxidase-coupled cholera toxin subunit. After washing with TTBS buffer and a fi nal wash with TBS (TTBS without Tween 20), immunoreactive dots were detected by enhanced chemoluminescent detection (ECL, Amersham Pharmacia Biotech) using X-ray fi lms (Kodak Biomax).
SDS-PAGE and Western blot assays. The AChR protein in
the DRM and DSM fractions was precipitated by TCA treatment, washed with acetone, dissolved in Laemmli buffer at 100°C for 5 min ( 32 ) , and separated by SDS-PAGE on 10% polyacrylamide gels (Mini Protean II, Bio Rad, Richmond, CA). ␥ M4 peptide was precipitated by a methanol-chloroform-water method ( 33 ) , dissolved in Laemmli buffer, and separated by electrophoresis on a Tricine gel. In some cases, both types of gel were developed using Coomassie blue or silver nitrate staining, depending on the amount of protein. In other cases, the proteins were electrotransferred to an Inmobilon-P membrane (Millipore, Billerica, MA). Membranes were blocked with 5% nonfat dry milk in TTBS buffer (20 mM Tris-HCl, pH 7.4, 100 mM NaCl, and 0.1% (w/v) Tween 20) for 2 h at room temperature followed by incubation with primary antibodies [anti-AChR ␣ -subunit (mAb 210) (1:5000), anti-AChR ␤ -subunit (mAb124) (1:2000) , and antirapsyn (mAb 1234) (1:500)] overnight at 4°C. Membranes were washed fi ve times with TTBS buffer and then exposed to the specifi c activity [in the order of 2.0-2.8 nmol ␣ -bungarotoxin sites/mg protein ( 23 ) ].
Affi nity chromatography purifi cation of the AChR protein.
T. californica crude membranes (2 mg/ml protein) were solubilized in 1% sodium cholate for 45 min. The insoluble material was discarded after centrifugation for 1 h at 74,000 g . Purifi cation of the AChR by affi nity chromatography was done in the presence of synthetic lipids as reported by da Costa et al. ( 25, 26 ) . Affi nity column preparation required fi rst the coupling of cystamine to Affi -Gel 10, followed by reduction with dithiothreitol and coupling of bromoacetylcholine bromide to the gel. The supernatant was applied to the affi nity column. Total replacement of endogenous lipids required washing the column with a linear gradient of specifi c lipids in a defi ned molar ratio, dissolved in dialysis buffer containing 1% cholate. Briefl y, the column was washed fi rst with a lipid solution of 1.3 mM, followed by a step gradient to a lipid solution of 3.2 mM and fi nally a step gradient to 0.13 mM lipid solution ( 26 ) . The AChR was then eluted from the column with a 0.13 mM lipid solution in 250 mM NaCl, 0.1 mM EDTA, 0.02% NaN, 5 mM phosphate, pH 7.8, containing 1% cholate and 10 mM carbamoylcholine. AChR was next dialyzed against 1 l of dialysis buffer with fi ve changes of buffer (every 12 h) at 4°C. Different lipid systems were prepared (POPC: SM:Chol 1:1:1 and POPC:SM:Chol 0.35:1:0.87 molar ratio). A POPC:SM:GM1:Chol (1:0.98:0.02:1 molar ratio) system was prepared by adding GM1 immediately before dialysis. Where a higher lipid:AChR molar ratio was required, further lipids were added immediately before dialysis. The AChR purifi cation was checked by SDS-PAGE, and protein concentration was determined by the method of Lowry ( 27 ) . The samples were stored at Ϫ 70°C until use.
Preparation of rapsyn-enriched alkaline extract from T. californica postsynaptic membranes. Rapsyn and other peripheral membrane proteins were extracted from AChR-rich membranes by incubation at pH 11 ( 28 ) . Briefl y, AChR-rich membranes were sedimented by centrifugation at 85,000 g for 1 h and resuspended in 10 mM sodium phosphate buffer, pH 7.4, to a fi nal concentration of 3 mg protein/ml. The pH was adjusted to 11.0 by dropwise addition of 1 N NaOH, and the preparation was incubated at 4°C for 1 h under gentle stirring. Membranes were then centrifuged at 85,000 g for 20 min, after which the supernatant extract was neutralized by adding 1 M HCl. Any insoluble material was removed from the extract by another centrifugation at 85,000 g for 20 min. The supernatant was stored at Ϫ 70°C until use. The rapsyn-enriched extract was subjected to SDS-PAGE and stained with Coomassie blue. The protein bands were quantifi ed by scanning the gels, and further analysis of the images using Image J software (a freely available application in the public domain for image analysis and processing developed and maintained by Wayne Rasband at the Research Services Branch, National Institutes of Health). About 80% of the protein in the pH 11 extract consisted of rapsyn, with little or no detectable contamination with AChR subunits, in accordance with literature data ( 29 ) . Supplemental Material can be found at: measured in the presence of different amounts of acceptor molecules, a further correction was introduced to compensate for any modifi cation of the intrinsic fl uorescence of Trp by any other quenching mechanism, as follows:
Preparation of rapsyn-AChR liposomes.
where E corr is the calculated value of E corrected by the quenching of the intrinsic fl uorescence by the acceptor molecules. E (+acceptor) and E ( Ϫ acceptor) values were calculated using Equation 1 in the presence or absence of acceptor molecules (Laurdan or DHE).
Generalized polarization. Excitation GP (exGP) ( 37, 38 ) Previous studies from our laboratory showed that ␥ M4 peptide displayed a linear ␣ -helical confi guration in the membrane ( 39 ) with the helix aligned at an angle of 15° with respect to the membrane normal ( 40 ) . Fluorescence and molecular modeling studies showed lipid-dependent changes in the torsion angle of ␥ M4, which we interpreted as resulting from a hydrophobic mismatch between peptide length and bilayer thickness ( 22 ) . This is precisely one of the fundamental differences between the so-called raft and nonraft organization of lipids in a bilayer: the two types of domain differ in thickness ( 41, 42 ) , and hence, the hydrophobic match (or mismatch) between membrane thickness and the length of the protein transmembrane domain could be a conditioning factor for preferential partitioning of the AChR peptide or the whole AChR into either domain. We investigated the sorting of the ␥ M4 peptide into raft or nonraft domains having different membrane widths by reconstitution of ␥ M4 in a model lipid system consisting of canonical raft -containing lipid mixtures (POPC:SM:Chol, 1:1:1 molar ratio) ( 8 ) . The sample was submitted to Triton X-100 treatment at 4°C and subsequently separated into DSM and DRM fractions by centrifugation. Upon centrifugation, the resulting fractions were subjected to Tricine gel electrophoresis. The ␥ M4 peptide was preferentially present in the DRM fraction ( Fig. 1A and Table 1 ).
appropriate HRP-conjugated secondary antibody [anti-rat (1:3000) or anti-mouse (1:5000)] for 2 h at room temperature. Membranes were washed again with TTBS four times followed by an additional wash with TBS. Immunoreactive bands were detected by enhanced chemoluminescent detection (ECL, Amersham Pharmacia Biotech) using X-ray fi lms (Kodak Biomax). Protein distribution between soluble or insoluble fractions in gels stained with Coomassie blue or Western blots were quantifi ed by densitometry using image analysis software (Image J).
Lipid characterization of the DSM and DRM fractions. Triton X-100 was eliminated from the DSM and DRM fractions by washing the samples for 2 h with SM-2 Biobeads (0.2 mg/ml, batch method). Lipids were subsequently extracted from DRM and DSM fractions according to the procedure of Bligh and Dyer ( 34 ), resolved into classes by TLC on silica gel G-plates, and spotted under UV light after spraying with dichlorofl uorescein. TLC was performed using chloroform-methanol-acetic acid-0.15 M NaCl (20:10:3.2:1, v/v/v/v) as the fi rst developing solvent to separate SM from PC, followed by ether as the second one up to the top of the plates to separate Chol from the phospholipids. The spots corresponding to SM and PC were scraped off, and the lipids were subjected to lipid phosphorus determination using the chemicals and reactions described by Rouser et al. ( 35 ) . The spots corresponding to Chol were scraped off, and Chol was eluted by thoroughly mixing this silica three times with chloroform:methanol:water (5:5:1 by vol.), centrifuging, pooling the three eluates, mixing with four volumes of water, separating into phases, and recovering the Chol from the organic phase. Chol analysis was performed using the cholesterol oxidase assay (Wiener Laboratories, Rosario, Argentina).
Fluorescence measurements. All fl uorimetric measurements were performed in an SLM model 4800 fl uorimeter (SLM Instruments, Urbana, IL) using a vertically polarized light beam from Hannovia 200-W mercury/xenon arc obtained with a Glan-Thompson Polarizer (4 nm excitation and emission slits) and 1 ml quartz cuvettes. The temperature was set with a thermostated circulating water bath (Haake, Darmstadt, Germany). Stock solutions of Laurdan and DHE were prepared in ethanol and stored at 2 20°C until use. Each fl uorescent probe was added to the liposomes (5% of total lipids) in two different forms: (a) added prior to the dialysis step, which, in this case, was done in the dark, and (b) added directly to the liposomes from an ethanol solution, followed by 45 min stabilization, keeping the amount of organic solvent below 0.5% all along the experiment. Similar results were obtained with both forms of addition. For fl uorescence measurements, the liposomes were suspended in 20 mM HEPES buffer, 150 mM NaCl, and 0.25 mM MgCl 2 (pH 7.4) to obtain 8 µg AChR or 20 µg ␥ M4 peptide in 700 µl. was observed with the ␥ M4 peptide, which was mainly in the DRM fraction ( Table 1 ) .
One outstanding characteristic of the mature neuromuscular junction is the high density of AChR molecules at the postsynaptic membrane, which leads to the formation of receptor supramolecular aggregates or "clusters" (reviewed in Refs. 1, 3 ). To test the effect of AChR concentration on the partition profi le, the density gradient distribution of Triton-treated samples containing the tested receptor concentration (AChR:lipid molar ratio 1:130, "concentrated sample") was compared with a sample containing AChR:lipid at a molar ratio of 1:800 ("diluted sample"). The distribution of the AChR into DSM and DRM in the two samples was similar ( Fig. 1C and Table 1 ) ; furthermore, a sample having an intermediate ratio (AChR:lipid 1:400 molar ratio) showed an analogous concentrationindependent behavior ( Table 1 ). In the subsequent experiments, the DRM/DSM separation was achieved by high-speed centrifugation and performed with a 1:130 AChR:lipid molar ratio.
When liposomes with purifi ed AChR in raft -containing membranes were extracted with the nonionic detergent Tween 20 (2.5% v/v fi nal concentration), a slight increase in the amount of AChR in the DRM fraction was observed Detergent solubility of purifi ed AChR in a POPC:SM:Chol 1:1:1 ("raft-containing membranes") lipid system
To investigate whether the whole AChR macromolecule behaves in a manner similar to its most lipid-exposed transmembrane domain (i.e., preferentially associated with Chol-enriched domains), affi nity purifi ed AChR from T. californica was reconstituted into liposomes composed of POPC:SM:Chol (1:1:1 molar ratio) in a 1:130 molar ratio AChR:lipid stoichiometry. The liposomes were treated with 1% Triton X-100 at 4°C for 20 min followed by DRM and DSM separation. One point to be considered was whether detergent micelles containing large proteins were dense enough to pellet at high speeds mixing DSM and DRM fractions. Toward this end, we compared the results obtained at a high-speed centrifugation ( Fig. 1B ) with those obtained with sucrose density gradients of the Triton-treated proteoliposomes (see "Materials and Methods"). The resulting DSM and DRM fractions were subjected to SDS-PAGE electrophoresis ( Fig. 1B, C ) . Independently of the separation method used, densitometric analysis of the bands corresponding to the receptor subunits showed that nearly half of total AChR was in the DRM fraction in both lipid:protein ratios, contrary to what AChR:lipid molar ratio were subjected to 1% Triton X-100 or 2.5% Tween 20 extraction at 4°C and subsequent high-speed centrifugation as described in "Materials and Methods." DSM and DRM fractions were collected as supernatant (S) and pellet (P). C: Liposomes of purifi ed AChR reconstituted in POPC: SM:Chol (1:1:1) at a 1:130 and 1:800 AChR:lipid molar ratios were subjected to 1% Triton X-100 extraction and subsequent sucrose density separation as described in "Materials and Methods." A representative GM1 dot blot of fractions 1-12 is shown, indicating that the DRMs were located in fractions 3-6. Panels A-C are representative Coomassie blue-stained SDS-PAGE of at least three independent experiments. AChR, nicotinic acetylcholine receptor; Chol, cholesterol; DRM, detergent-resistant membrane; DSM, detergent-soluble membrane; POPC, palmitoyloleylphosphatydilcholine; SM, brain sphingomyelin. 
lent for GM1, and the patching of the ganglioside leads to formation of larger GM1 clusters ( 47, 48 ) . Exposure of GM1-containing liposomes to CTxB, followed by Triton X-100 treatment and SDS electrophoresis showed that the aggregation of GM1 induced a slight increase in the proportion of AChR in the DSM fraction ( Fig. 2A and Table  1 ). Addition of a secondary antibody against CTxB resulted in a signifi cant increase in AChR in the DSM fraction ( Fig. 2A and Table 1 ).
AChR-rapsyn interaction and detergent solubility
Rapsyn is a myristoylated peripheral protein anchored to the cytoplasmatic face of the postsynaptic muscle membrane. It is purported to reside in raft domains and is ultimately responsible for AChR clustering. Porter et al. ( 49 ) (from 45.5% to 56%, Fig. 1B ) . This difference may be due to the lesser solubilization strength of Tween 20 compared with Triton X-100 ( 43 ) .
The AChR was also reconstituted in liposomes containing the ganglioside GM1, a purported component of lipid rafts in living cells ( 9, 44 ) , at a concentration of 2% relative to that of total sphingolipids (POPC:SM:GM1:Chol, 1:0.98:0.02:1 molar ratio). In this case, similar amounts of AChR were found in the DRM and DSM fractions; i.e., no signifi cant changes were observed in the AChR partition profi le with the inclusion of GM1 ( Fig. 2A and Table 1 ) . A commonly used strategy to concentrate lipid rafts and, hence, to aggregate molecules present in these domains and facilitate their visualization is to crosslink GM1 with cholera toxin B subunit (CTxB) ( 45, 46 ) . CTxB is pentava- Fig. 2 . A: Immunoblot with mAb 210 (monoclonal antibody against the ␣ subunit of the T. californica AChR) of DRM (P) and DSM (S) fractions obtained from purifi ed AChR reconstituted in POPC:SM:Chol containing GM1 (i) without further treatment, (ii) treated with cholera toxin B subunit (CTxB) for GM1 crosslinking, and (iii) treated with CTxB for GM1 crosslinking followed by anti-cholera toxin antibody (antiCTx) for crosslinking of CTxB. B: Immunoblot of DSM (S) and DRM (P) fractions obtained from purifi ed AChR reconstituted in a POPC:SM:Chol 1:1:1 system in the presence of a rapsyn-enriched extract in three different rapsyn:AChR molar stoichiometries (1:1, 2:1, and 4:1). Blots were probed with mAb 1234 (monoclonal antibody against rapsyn) and mAb 210 (monoclonal antibody against the ␣ subunit of the T. californica AChR). Panels A and B are representative of at least three independent experiments. AChR, nicotinic acetylcholine receptor; Chol, cholesterol; CTx, cholera toxin; CTxB, cholera toxin B-subunit; DRM, detergent-resistant membrane; DSM, detergent-soluble membrane; GM1, ganglioside GM1; POPC, palmitoyloleylphosphatydilcholine; SM, brain sphingomyelin. indicated that radiolabeled rapsyn in alkaline extracts obtained from T. nobiliana membranes ( 28 ) binds tightly to pure liposomes. In this work, a similar fraction, highly enriched in rapsyn, was isolated from T. californica membranes by alkaline treatment and added during the reconstitution process, such that rapsyn was targeted to the inner face of the POPC:SM:Chol (1:1:1 molar ratio) liposomes. Three rapsyn:AChR mixtures with different molar stoichiometries were prepared (1:1, 2:1, and 4:1). The rapsyn-loaded liposomes were treated with 1% Triton X-100, and the DRM and DSM fractions were obtained by ultracentrifugation. Two different antibodies were used in the Western blot analysis of these fractions: anti-rapsyn and anti-AChR antibodies. Fig. 2B shows that the distribution of rapsyn and AChR was quite similar. Both rapsyn and the AChR localize in raft and nonraft domains, and the presence of rapsyn had no effect on the partition of the AChR protein in the DRM and DSM, as revealed by densitometric analysis of the Western blots ( Table 1 ) .
Lipid composition and biophysical properties of model membranes with different lipid compositions
To investigate the lipid composition of the two lipid domains in the presence or absence of the ␥ M4 peptide or the AChR, liposomes of POPC:SM:Chol (1:1:1 molar ratio) were subjected to Triton-X100 treatment at 4°C for 20 min, and DRM and DSM fractions were obtained. The lipid composition of both samples was analyzed as described in "Material and Methods" (a TLC plate of the lipid extracts stained with iodine vapor is shown in supplementary Fig. I ). As expected, the lipid analyses revealed that the DRM fraction was highly enriched in Chol and SM ( 42, 50 ) , whereas the DSM fraction was enriched in POPC ( Fig. 3A ) . In the absence of protein, the lipid distribution of the DRM and DSM fractions was similar when the liposomes included GM1 (POPC:SM:GM1:Chol 1:0.98:0.02:1 molar ratio) (data not shown). Two additional samples were analyzed: one corresponding to a DRM -like model system [POPC:SM:Chol 0.35:1:0.87 molar ratio, without AChR ( 51 )], and one to a DSM-like model system poor in SM and Chol [POPC:SM:Chol 1:0.11:0.24 molar ratio, without AChR ( 51 )]. DRM -like liposomes were found to have practically no detergent-soluble phase. As expected, the insoluble phase was enriched in Chol and SM, showing a lipid composition slightly different from that of the DRM obtained from the raft-containing membrane after Triton X-100 treatment, although these differences were not statistically signifi cant. The DSM -like system was essentially completely detergent-soluble and highly enriched in POPC, with a lipid composition comparable to that observed in the DSM obtained from the raft-containing membrane ( Fig. 3A ) .
Analysis of the lipid composition of DRM and DSM fractions obtained from a lipid model system that contained the ␥ M4 peptide indicated that the molar fractions of Chol, SM, and PC were similar to the ones obtained from pure lipid model membranes, though Chol and SM showed differences with respect to the DRM -like and the DSM -like models ( Fig. 3A ) . The lipid distribution in the . Each bar corresponds to the average ± SD of at least three independent measurements. Statistically signifi cant differences: * P < 0.05; ** P < 0.01. Subscripts indicate the lipid system with which the comparison showed statistically signifi cant differences: (1) DRM-or DSM-like system, (2) raft-containing membrane, and (3) ␥ M4:lipid model. B: Molar fractions of the lipids of DRM (black columns) or DSM (white columns) with respect to the total lipid of different model membranes in the absence of AChR (lipids), in the presence of ␥ M4 peptide (1:250), and in the presence of different AChR:lipid molar ratios (1:400, 1:250, and 1:130). Each bar corresponds to the average ± SD of at least three independent measurements. Statistically signifi cant differences with respect to the lipid system without AChR: * P < 0.05; ** P < 0.01. AChR, nicotinic acetylcholine receptor; Chol, cholesterol; DRM, detergent-resistant membrane; DSM, detergent-soluble membrane; POPC, palmitoyloleylphosphatydilcholine; SM, brain sphingomyelin. The effi ciency of the FRET process ( E ) is related to the extent of the overlap between the emission spectrum of the donor and the absorption spectrum of the acceptor, the quantum yield of the donor, the relative orientation of the transition dipoles of both the donor and the acceptor, and-of most relevance here-the distance between the donor and the acceptor molecules ( 58 ). Here we used the ratio between two calculated E values ( E -ratio) as a measure of the degree of localization of the AChR in the plane of the membrane. The ratio between the E obtained with the raft-containing model and with the DRM -like model ( E raft /E DRM ) was calculated using DHE as the acceptor probe. In the DRM -like model, there is only one phase, and therefore, donor and acceptor molecules share the same membrane environment and are close to one another; consequently, the calculated E value is the highest possible value. What happens in the raft-containing model with coexistence of phases? As DHE is predominantly located in the raft domain, if the donor is also in this domain (i.e., donor and acceptor molecules share the domain), the calculated E value should be similar to that obtained with the DRM -like model, and hence, the E -ratio must be soluble and insoluble fractions after detergent treatment in liposomes of POPC:SM:Chol (1:1:1 molar ratio) was also analyzed in the presence of AChR, at two different AChR:lipid molar ratios (1:130 and 1:400). The lipid composition of the DRM and DSM fractions was similar in both AChR:lipid molar ratios and was also similar to that corresponding to liposomes without AChR, indicating that the lipid composition of these phases depends mainly on the lipid properties and not on the presence of the protein ( Fig. 3A ) . Some differences were observed when these results were compared with the DRM-and DSM-like phases. In the case of liposomes with 1:400 AChR:lipid molar ratio, the lipid composition of DRM and DSM fractions obtained was similar to that in the DRM-and DSM-like systems. In contrast, in the case of liposomes with an AChR:lipid ratio of 1:130, the lipid composition of the two phases differed from that of the DRM-and DSM-like systems ( Fig. 3A ) .
Although the lipid composition of DRM and DSM fractions was not modifi ed by the presence of either the whole AChR or the ␥ M4 peptide in the liposome, the amount of each fraction was modifi ed. The presence of the ␥ M4 peptide caused an increment in the amount of DRM fraction with a concomitant decrease in the DSM fraction. On the other hand, the mere presence of the AChR induced a statistically signifi cant increase in the relative proportion of the DSM fraction which did not depend on the lipid:AChR molar ratio ( Fig. 3B ) . Thus, the ␥ M4 peptide appears to behave as a DRM promoter and the AChR as a DRM disruptor.
The so-called generalized polarization (GP) of the Laurdan probe provides an indirect measure of the degree of membrane order or membrane polarity (higher GP values, higher membrane order) ( 37, 38, 52, 53 ) . Fig. 4 shows that at 4°C the lipid mixture corresponding to a raft-containing membrane exhibits an intermediate GP value between the nonraft, DSM -like model system (POPC:SM:Chol, 1:0.11:0.24) having the lowest membrane order, and the highly ordered DRM -like model system enriched in Chol and SM. The presence of the ganglioside GM1 in the raftcontaining model did not induce changes in GP (data not shown). Increasing the temperature to 42°C produced a diminution of the GP values in the three systems tested, indicating a decrease in their membrane order; however, the lipid composition-related differences among the models persisted.
AChR-lipid interactions revealed by FRET
The study of lipid rafts is complicated because of their nanoscopic size and dynamic behavior. One of the most promising direct methodologies for studying raft domains is Förster resonance energy transfer (FRET), which has a nanometer scale resolution ( 54, 55 ) . Here we complemented the results obtained using Triton X-100 with FRET measurements between the single-tryptophan intrinsic fl uorescence of the ␥ M4 peptide or the 51 tryptophans of the whole AChR acting as donor, and the fl uorescent probes DHE or Laurdan as acceptors. Laurdan, a fl uorescent free fatty acid analog, has no preference for any lipid . Each column corresponds to the average ± SD of at least four independent measurements. Statistically signifi cant differences between black columns or white columns: * P < 0.05; ** P < 0.01. The subindices indicate the lipid system with which the comparison showed statistically signifi cant differences: (1) raft-containing membrane, (2) DRM -like model, and (3) DSM-like model. Although it is not shown in the fi gure, the differences between the black and white columns of each lipid system are statistically signifi cant ( P < 0.01). AChR, nicotinic acetylcholine receptor; Chol, cholesterol; DRM, detergent-resistant membrane; DSM, detergent-soluble membrane; GP, generalized polarization; PC, phosphatydilcholine; POPC, palmitoyloleylphosphatydilcholine; SM, brain sphingomyelin. 
and a near-zero E -ratio if the donor partitions preferentially in the nonraft domain (see Fig. 5A ). The E raft /E DRM ratio obtained was somewhat higher than unity for the ␥ M4 peptide and below unity for the AChR-containing system ( Fig. 5B and Table 1 ). These results show that the ␥ M4 peptide has a preference for raft (Chol-enriched) domains, whereas the AChR protein appears to display no preference for either domain. In another series of experiments, the two reconstituted lipid model systems, in this case containing AChR protein, were incubated at 42°C, at which temperature only a single phase occurs in the raft-containing model ( 59 ) , resulting in an E -ratio close to unity. As shown in Fig. 5B , the E -ratio obtained at 42°C was signifi cantly different from the one obtained at 4°C, suggesting that at higher temperatures DHE molecules establish contact with all the AChR macromolecules, as is the case with the DRM -like model. The E -ratio was also measured using Laurdan as acceptor probe instead of DHE. Laurdan molecules partition evenly in both lipid environments, and thus, the E -ratio is near unity independently of whether the intervening donor partitions into one or both phases.
A further parameter, the ratio of the E values obtained with the two probes ( E DHE /E Laurdan ) was applied next to the data obtained with the raft-containing model. Account was taken of the difference in quantum yield and in the overlap between the absorption spectra of each of the two acceptor molecules with the fl uorescence emission spectrum of the donor, and a correction for these differences was applied. The two donor-acceptor pairs were assumed to have the same probability of FRET in the DRM -like system, and hence, the E DHE /E Laurdan ratio in this system should be equal to unity. The two calculated E values differed, as a consequence of the different characteristics of the two donor-acceptor pairs; hence, the E -ratio was divided by itself to obtain a value of unity. This E -ratio was subsequently used as a correction factor for the raft-containing model. In this system, when the donor molecules reside in both phases, E DHE should be close to half of E Laurdan , and E DHE / E Laurdan about 0.5; if the donor molecules localize in raft domains, E DHE would be signifi cantly higher than E Laurdan , and their ratio higher than one. If on the other hand, the donors prefer the nonraft domains (see Fig. 5A for an extended explanation), the ratio will be near zero. The nearunity E DHE / E Laurdan ratio obtained for the ␥ M4 is in agreement with the information derived from the E raft / E DRM ratio and also with the data obtained in the detergent-extraction experiments, indicating that the ␥ M4 pep- . Laurdan fl uorescent probe ( ᭡ ), used as a control probe, shows no preferential partition into a particular domain. DHE ( G ), used as a fl uorescent Chol mimetic, labels DRM domains. FRET measurements were performed between the intrinsic fl uorescence of the ␥ M4 peptide or the AChR, donor molecules, and Laurdan or DHE as acceptor probes. B: Ratio of the FRET effi ciencies between the intrinsic fl uorescence of the purifi ed AChR (or the ␥ M4 peptide) as donor molecules and DHE (or Laurdan) as acceptor molecules obtained with the raft-containing membrane ( E raft ) and with the DRM -like model ( E DRM ) at 4°C and 42°C. C: Ratio of the FRET effi ciencies obtained between the intrinsic fl uorescence of the purifi ed AChR (or the ␥ M4 peptide) as donor molecules and DHE ( E DHE ) and Laurdan ( E Laurdan ) as acceptor molecules in the raft-containing membrane at 4°C and 42°C. Each column corresponds to the average ± SD of at least four independent measurements. *, ** Statistically signifi cant differences: * P < 0.05; ** P < 0.01. NS (nonsignifi cant) differences: P < 0.05. AChR, nicotinic acetylcholine receptor; Chol, cholesterol; DHE, dehydroergosterol; DRM, detergent-resistant membrane; DSM, detergent-soluble membrane; E, energy transfer effi ciency; FRET, Förster resonance energy transfer; POPC, palmitoyloleylphosphatidilcholine; SM, brain sphingomyelin. Previous work from our laboratory showed that the orientation of the ␥ M4 peptide in the membrane is sensitive to bilayer thickness and lipid composition, its tilt angle varying as a function of bilayer width and Chol content ( 22 ) . In subsequent work, we found that patches of ␥ M4 peptide are formed in a Chol-enriched l o phase in binary lipid model systems ( 61, 62 ) . In all these cases, we postulated that the adaptation of the peptide to bilayer thickness entailed overcoming the hydrophobic mismatch. DRM fractions prepared from the 1:1:1 POPC:SM:Chol system containing the peptide are enriched in Chol and SM ( Fig. 3A ) , in agreement with other studies ( 50 ) . Moreover, lipids present in DRM fractions appear to occur in the l o phase ( 57, 63 ) .
GM1 monosialoganglioside contains a lipid tail that tethers it to the outer leafl et of the cell membrane, and its presence has long been associated with lipid rafts. Previous results from our laboratory ( 64 ) showed that GM1 is one of the major gangliosides in AChR-rich membranes purifi ed from T. marmorata electric tissue and that GM1 colocalizes with the ventral, innervated membrane of the electrocytes. GM1 has also been shown to colocalize with AChR and Chol at the NMJ of rat sternomastoid ( 65 ) and rat diaphragm muscles and C2C12 myotubes ( 19 ) . Replacement of 2% SM by GM1 in the 1:1:1 POPC:SM:Chol system produced no statistically signifi cant effects on the partition behavior of the AChR in DRM and DSM fractions ( Table 1 ) . Lipid clustering has been used as a tool to characterize the possible association of proteins and lipids with rafts in model membranes ( 46, 66 ) and cells ( 45, 67 ) . In this study, GM1 crosslinking by CTxB and an antibody against CTx increased the amount of AChR in the DSM fraction ( Fig. 2A and Table 1 ). One possibility is that CTxB crosslinking decreases AChR affi nity for DRM domains. Alternatively, steric repulsion could prevent binding of the AChR to aggregated GM1-containing domains. Note that the affi nity and selectivity of gangliosides for the AChR in its native membrane is rather low ( 68 ) .
The mature neuromuscular junction is characterized by the high density of AChR molecules at the postsynaptic membrane, associated with the occurrence of large supramolecular clusters (reviewed in Refs. 1, 3 ). Here we show that the AChR alone, in a highly concentrated sample, does not appear to form high-order aggregates ( Fig. 1C ) . It has been postulated that the clustering process is a mechanism that involves extracellular, cytoplasmic-facing, and integral membrane proteins, and that the nonreceptor protein rapsyn plays a key role in AChR clustering in the postsynaptic membrane. Rapsyn has been postulated to be raft-associated, together with the AChR, in late exocytic compartments ( 16 ) and at the cell membrane (17) (18) (19) . Rapsyn is myristoylated ( 29 ) , and this modifi cation is required for membrane binding ( 69 ) . Marchand et al. ( 16 ) postulated that this protein modifi cation could be responsible for its association with lipid rafts, as many acylated proteins, some of them myristoylated, are raftassociated. Liposomes of 1:1:1 POPC:SM:Chol with AChR and a rapsyn-enriched extract with different rapsyn:AChR proportions (1:1, 2:1, 4:1) were subjected to detergent tide localizes preferentially in Chol-enriched domains. In the case of the whole AChR, the E -ratio was signifi cantly lower than that obtained with ␥ M4, indicating that the AChR has no preferential affi nity for a Chol-enriched domain ( Fig. 5C and Table 1 ). When the measurements with the raft-containing model were taken at 42°C, a near-unity E DHE / E Laurdan ratio was observed, indicating that at higher temperatures both DHE and Laurdan establish contact with all the AChR molecules and the Chol-enriched domains disappear.
DISCUSSION
The aim of this study was to characterize the relationship between the AChR protein and its lipid environment with regard to the possible occurrence of the receptor in laterally segregated lipid domains in the membrane. For this purpose, we chose the best-characterized AChR, that from Torpedo electric tissue. The whole AChR was reconstituted into model membranes with defi ned proportions of Chol, SM, and PC, and they were analyzed by biochemical and biophysical techniques. The synthetic ␥ M4 peptide was similarly studied to learn about the contribution of the lipid-contacting TM outer ring to the putative lateral segregation of the AChR in the membrane.
Biochemical analysis showed that the ␥ M4 peptide reconstituted in equimolar POPC:SM:Chol mixtures was preferentially partitioned in the DRM fraction ( Fig. 1A ) , whereas the whole AChR showed no preferential partition between DRM and DSM fractions ( Fig. 1B, C ) . Although cold Triton X-100 insolubility is in general an accepted criterion to assess phase state in model membranes ( 60 ) , extrapolation of the phase state in native biomembranes from the detergent solubility data is more controversial. For this reason, the Triton X-100 experiments were challenged using another strategy that does not involve physical separation of lipid fractions. We employed FRET experiments using DHE, a Chol-mimetic probe, as acceptor of the intrinsic fl uorescence of the whole AChR or the ␥ M4 peptide to measure domain coexistence in model systems. Various controls were necessary: liposomes exhibiting only one lipid domain, use of a fl uorescence probe that partitions in both l o and l d domains, exposure to different temperatures, etc. ( Fig. 5 ) . FRET experiments unambiguously pointed to the preferential localization of the ␥ M4 peptide in Chol-enriched domains, in agreement with the results of biochemical experiments. In contrast, the whole AChR in a model system with lipid domain coexistence (4°C) exhibited no preferential affi nity for a Chol-enriched domain, as was also observed in the detergent experiments. At 42°C, the model system has only one mixed lipid phase, and donor and acceptor molecules share the same environment, as refl ected in the FRET ratios ( Fig. 5B, C ) . In the experiments of Zhu et al. ( 19 ) , under "basal" conditions the major pool of AChR is associated with nonraft membrane domains, and certain stimuli like neural agrin translocate a fraction of the AChR and MuSK into lipid rafts . the l d + l o coexistence region, suggesting that this fraction is not a homogeneous phase.
To sum up, the ␥ M4 segment of the paradigm Torpedo AChR protein, the lipid-contacting TM segment, prefers ordered lipid domains, whereas the whole AChR displays no preference for a liquid-ordered or disordered lipid domain. Furthermore, the AChR behaves in vitro as a DRMdisruptor, its presence inducing a signifi cant diminution in the amount of the DRM fraction. We can further infer that the predilection of the AChR for a given lipid domain in its natural milieu cannot be solely ascribed to the physicochemical properties of the two partners or to the interactions between the protein TM domain and the lipid milieu.
extraction. Independently of their relative amounts, after Triton X-100 treatment, rapsyn and AChR partitioned together showed no signifi cant differences with respect to the same system without rapsyn ( Fig. 2B and Table 1 ). Therefore, incorporation of rapsyn to the system produced no effect on AChR-DRM association.
The distribution of lipids between DRMs and DSMs after detergent extraction of 1:1:1 POPC:SM:Chol liposomes in the absence of protein revealed that the DRM fraction is highly enriched in Chol and SM, whereas the DSM fraction is highly enriched in POPC ( Fig. 3A ) , in agreement with previous studies on model systems ( 42, 50, 51 ) . When purifi ed AChR or ␥ M4 was included in different lipid:protein ratios in the reconstituted system, no significant effects were apparent on the lipid composition of DRM and DSM fractions, suggesting that lipid composition is independent of protein content. Recent studies using lipid vesicles having the same composition as in the present study (Chol/SM/POPC) reported the occurrence of ( l d + l o ) domain coexistence ( 70, 71 ) or only one type of domain ( 72 ) . It is interesting to compare the DRM and DSM lipid compositions obtained from the different liposomes studied ( Fig. 3A ) with the phase diagram postulated by Pokorny et al. ( 70 ) ( Fig. 6 ), bearing in mind that detergent extraction at 4°C results in the formation of a quaternary phase system. As shown in Fig. 6 , the composition of the DRM fractions obtained for all the systems tested fall within the l o domain region, as other DRMs obtained from liposomes formed with different types of lipids (bovine liver PC, Chol, and SM ( 50 ), and DOPC, Chol, and SM ( 51 )). In contrast, all the DSM fractions tested fall within Supplemental Material can be found at:
